Genetically modified baculoviruses offer a promising alternative to chemical insecticides in the control of agricultural and forest insect pests. A novel bacmid, HaBacYH6, was constructed in which the ecdysteroid UDP-glucosyltransferase gene (egt) was replaced with a bacterial replication cassette containing a mini-F replicon, a kanamycin resistance gene, and the attTn7 site. Insertion of the enhanced green fluorescence protein gene (egfp) into HaBacYH6 showed that the bacmid can express an active exogenous protein. Bioassays showed that median lethal time (LT 50 ) of HaBacYH6 was 89.23 h in third instar Helicoverpa armigera larvae, 15.81 h earlier than that of wild-type HearNPV-G4, though there was no significant difference in median lethal dose (LD 50 ). The data indicate that HaBacYH6 can be used as a new Bac-to-Bac system, and can also provide a technology platform for generating more effective biological insecticides.
Genetically modified baculoviruses offer a promising alternative to chemical insecticides in the control of agricultural and forest insect pests. A novel bacmid, HaBacYH6, was constructed in which the ecdysteroid UDP-glucosyltransferase gene (egt) was replaced with a bacterial replication cassette containing a mini-F replicon, a kanamycin resistance gene, and the attTn7 site. Insertion of the enhanced green fluorescence protein gene (egfp) into HaBacYH6 showed that the bacmid can express an active exogenous protein. Bioassays showed that median lethal time (LT 50 ) of HaBacYH6 was 89.23 h in third instar Helicoverpa armigera larvae, 15 .81 h earlier than that of wild-type HearNPV-G4, though there was no significant difference in median lethal dose (LD 50 ). The data indicate that HaBacYH6 can be used as a new Bac-to-Bac system, and can also provide a technology platform for generating more effective biological insecticides.
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Baculoviridae are a large family of insect pathogens that infect arthropods. 1) Most baculoviruses are good alternatives for biocontrol and as eukaryotic expression vectors. The infectivity, specificity, and safety to nontarget organisms make them attractive biological agents to replace chemical insecticides.
2) Currently, a number of wild-type baculoviruses are being used to protect crops, vegetables, forests, and pastures from insect pests.
3) Some were genetically engineered to improve the effectiveness against insect pests. 4-7) Numerous approaches have been developed to generate baculovirus recombinants quickly, 8) including the notable Bac-toBacÔ system (Invitrogen, Carlsbad, CA). The bacterial artificial chromosomes (BACs) from baculovirus have been widely used since the first bacmid (a baculo shuttle vector) was brought into being 9) because they can not only simplify the construction procedure for recombinant baculoviruses, but can autonomously replicate in Escherichia coli (E. coli), and thus can be handled easily. Several bacmid systems have been established as eukaryotic expression vectors in insect cells and larvae. [9] [10] [11] T. Motohashi et al. further developed the BmNPV bacmid as an expression vector in the silkworm and as an attractive system to prepare recombinant viruses. 12) Moreover, the baculovirus bacmids are being investigated as gene-delivery vectors in mammalian cells. 13, 14) Thus the BAC system can provide a potential platform for protein expression, preparation of recombinant viruses, and gene therapy.
In baculovirus, the ecdysteroid UDP-glucosyltransferase gene (egt) is an auxiliary gene that is inessential for viral replication. It has been deleted from several baculoviruses to enhance the killing speed and to reduce the amount of food consumed by infected larvae. 4, [15] [16] [17] Deletion of the egt gene has been found to be useful in biocontrol, and can be combined with other genetic changes such as allelic exchange, but construction of a transfer vector and the generation of recombinants by homologous recombination and purification of progenies are time-consuming and tedious.
Due to its high virulence, the Helicoverpa armigera y To whom correspondence should be addressed. 10, 20, 21) but in this BAC, replacement of the polyhedrin gene with an E. coli replication cassette (containing a mini-F replicon, a kanamycin resistance gene, and the attTn7 site) makes it a poor choice to produce a recombinant baculovirus for oral infection.
In this study, a new HearNPV BAC (HaBacYH6) with deletion of egt was constructed, and its biological activity, as both an efficient expression vector for foreign proteins and a pesticide, was analyzed. Furthermore, the efficacy of biocontrol was compared between HaBacYH6 and the wild-type HearNPV-G4. This novel bacmid can be used as a basis for evaluating other genes, and in combination with egt deletion, for improving the insecticidal properties of HearNPV.
Materials and Methods
Virus, insect cells, and insects. HearNPV was initially isolated from diseased H. armigera larvae collected in Hubei Province in China. 22) HearNPV-G4 is an in vivo cloned strain of the Hubei isolate, and it was used as the control in these experiments.
23) The Genbank accession number of the HearNPV-G4 complete genome sequence is AF271059.
24) The Helicoverpa zea cell line, HzAM1, was maintained at 27 C in Grace's insect medium supplemented with 10% fetal bovine serum (Gibco/ BRL, Grand Island, NY). 25) A laboratory colony of the cotton bollworm, H. armigera, was reared on artificial diet at 28 AE 1 C.
22)
Plasmid construction. A 2.0-kb EcoRI-EcoRV fragment from HindIII-D of HearNPV-G4, which contained the 3 0 terminal of the egt and flanking sequences, was cloned into pBluescriptII KS(+) to produce pHaSYH1. Plasmid pHaSYH2 was produced by subcloning a 1.7-kb PstI (blunt)-HindIII fragment from PstI-E of HearPNV-G4, which contained 114 bp of the 5 0 end of the egt open reading frame (ORF) and the upstream flanking sequences, into pHaSYH1 digested with XhoI (blunt)-HindIII. A HindIII-Bsu36I-HindIII linker was inserted into pHaSYH2 to produce pHaSYH3. A 8.5-kb cassette containing a mini-F replicon, a kanamycin resistance gene, and the Tn7 target site from plasmid BACBsu36I 11) was inserted into the Bsu36I site of pHaSYH3 to produce transfer vector pEGT-miniF (Fig. 1A ).
Generation and identification of HearNPV bacmids.
HzAM1 cells (1 Â 10 6 ) were transfected with 0.5 mg of HearNPV-G4 DNA and 1.0 mg of pEGT-miniF DNA using lipofectin following the manufacturer's instructions (Invitrogen). The supernatants were collected following incubation at 26 C for 5-7 d. DNA was purified from the supernatants and used to transform E. coli DH10B cells (Gibco/BRL). Eight colonies were chosen randomly, and the purified bacmid DNA was digested with HindIII and compared with HearNPV-G4 DNA (Fig. 1B ). HaBacYH6, a colony which had the expected HindIII profile, was chosen for further analysis by BamHI digestion (Fig. 1C) .
Construction of HaBacYH6-EGFP. The egfp gene was isolated by digestion with BamHI and NotI from plasmid pEGFP-N1 and inserted into pHaFastBac1 to produce pHaFastBacEGFP. 10) Then pHaFastBacEGFP was transformed into E. coli DH10B cells containing HaBacYH6 and pMON7124, 9) and the recombinant bacmid HaBacYH6-EGFP was produced by transposition.
Transfection of insect cells. Bacmid DNAs of HaBacYH6 and HaBacYH6-EGFP were prepared following the instruction manual of the Bac-to-BacÔ system (Invitrogen). HaBacYH6 and HaBacYH6-GFP were transfected into HzAM1 cells. In parallel, HearNPV-G4 was used as the control.
Western blot analysis. To check the expression level of EGFP in the cell culture, SDS-PAGE and Western blot were conducted. Cells infected with HaBacYH6-EGFP were collected at appropriate time points (48, 72, and 96 h post infection, h.p.i) and the expression level of EGFP was compared with that of polyhedrin (PH). Western blot was performed by conventional methods. The antibodies used in Western blot were anti-EGFP and anti-PH prepared in our laboratory.
Comparison of budded virus (BV) growth curves. Viral growth curves were produced by infecting HzAM1 cells with HearNPV-G4 and HaBacYH6 respectively at a multiplicity of infection (M.O.I) of 5. Supernatants were collected at appropriate time points (6, 12, 18, 24, 36, 48 , and 72 h.p.i), and titers of the supernatants were detected by the end-point dilution method on HzAM1 cells. Each virus infection was repeated three times, and growth curves were produced from arithmetic mean data of three experiments.
Bioassay. Third instar H. armigera larvae were fed polyhedra of HaBacYH6-EGFP. Hemolymph was collected at 48 h.p.i and spread on a sterile slide to be observed under a fluorescence microscope. At 72 h.p.i, the larvae were dissected out to observe the trachea and fat body under a fluorescence microscope. After a round of amplification in the larvae, polyhedra of HaBacYH6 and HearNPV-G4 were used in bioassays. The bioassays were performed using third instar H. armigera by the droplet feeding method, as described by Hughes et al.
26)
The LD 50 and LT 50 values were calculated as described by Sun et al. 27) The virus dose for LT 50 was LD 99 . The bioassays were repeated three times.
Electron microscopy. HzAM1 cells were infected with either HearNPV-G4 or HaBacYH6 at an M.O.I of 5. Infected cells were harvested at 72 h.p.i and washed twice with PBS. The polyhedra from dead larvae infected with HearNPV-G4 and HaBacYH6 were purified. All samples were processed for electron microscopic examination as described by Van Lent et al.
28)

Results and Discussion
Construction of bacmids with egt deletion from HearNPV-G4
To construct the HearNPV BAC with an egt deletion, HzAM1 cells were co-transfected with pEGT-miniF and HearNPV-G4 DNA. The supernatant was collected 7 d post transfection, and viral DNA was isolated from the supernatant and used to transform E. coli DH10B. Eight bacmid colonies were selected, and their DNA was digested with HindIII and compared to the profile from HearNPV-G4 DNA. The eight colonies showed different genotypes (Fig. 1B) . Compared to HearNPV-G4, HaBacYH6 showed a decreased 11.5-kb HindIII-D fragment and an additional 8.0-kb HindIII fragment, but the other bands of HaBacYH6 were similar to those of the original HearNPV-G4 (Fig. 1B) . Bacmid HaBacYH6 was chosen for further identification. The BamHI digestion profiles of HearNPV-G4 and HaBacYH6 were compared. As expected, the 37.3-kb fragment BamHI-A of HaBacYH6 gave rise to two bands, of 28.7 and 15.6 kb (Fig. 1C) . These results confirm that the egt gene was replaced by the bacterial expression cassette exactly as intended. Fig. 2A) . Expression of EGFP and PH was clearly evident on SDS-PAGE and Western blot (Fig. 2B) . At 72 h.p.i, the expression level of EGFP reached 25-30% of that of PH at 5 M.O.I. These results indicate that HaBacYH6 expressed foreign protein efficiently in cell culture. The cells infected with HearNPV-G4 and HaBacYH6 at 72 h.p.i and purified occlusion bodies (OBs) from dead larvae infected with both viruses were fixed and prepared for electron microscopy. The nuclei of the cells infected with both HaBacYH6 and HearNPV-G4 showed typical baculovirus infection symptoms, enlarged nuclei and reorganized electron-dense virogenic stroma. Newly assembled nucleocapsids from HaBacYH6 were found to be packaged into the polyhedra as normally as in HearNPV-G4 (Fig. 2Ca, b) . The electron microscopy of purified OBs produced in vivo also showed that there was no marked difference in the shape or size of OBs produced by either (Fig. 2Cc, d) .
BV production of HaBacYH6 was analyzed by comparing its growth curve with HearNPV-G4 (Fig. 3) . BV production of HaBacYH6 and HearNPV-G4 showed a moderate increase, from 6 to 18 h.p.i, followed by an exponential increase from 18 to 48 h.p.i, up to a steady level of approximately 10 7 TCID 50 /ml at 48 h.p.i. The growth curves showed that the replication kinetics of BVs of HaBacYH6 was similar to that of HearNPV-G4, suggesting that the deletion of egt and the insertion of the mini-F cassette did not have a significant impact on the production of infectious BVs.
Biological activities of HaBacYH6 in insects
Strong green fluorescence was observed in the hemolymph, trachea, and fat body of infected larvae under the fluorescence microscope (Fig. 4) . This indicates that HaBacYH6 can also express exogenous proteins in H. armigera larvae efficiently. Bioassays were performed to investigate the effect of egt deletion on bacmid pesticidal activity. The LD 50 of HaBacYH6 against third instar H. armigera larvae was not significantly different from that of HearNPV-G4 (Table 1) , but the LT 50 of HaBacYH6 in third instar larvae was 89.23 h, about 15% shorter than that of HearNPV-G4 (105.04 h). This shorter killing time of HaBacYH6 is consistent with previous data. [16] [17] [18] 26) Moreover, the larvae infected with HaBacYH6 began to die at 48 h.p.i, though the acceleration of death was smaller than that of wild-type HearNPV-G4 (Fig. 5) . These data indicate that HaBacYH6 can reduce agricultural damage at an early stage. In summary, the results showed a significant impact of the modified virus by reducing the time, required to kill H. armigera larvae.
Bacterial artificial chromosomes and BACs have become widespread and powerful resources in molecular biology. 29) Recombination based on site-specific transposition has become a good choice in many laboratories since the first full-length baculovirus genome was maintained in E. coli as a BAC. 9) This approach significantly reduces the time required to identify, purify, and amplify recombinants, and makes it possible to generate any deletion mutant and maintain it in E. coli. 30, 31) To date, the reported bacmids are generally constructed by inserting the bacterial replicon into the polyhedrin locus, such as AcMNPV bacmid, SeBac10, or HaBacHZ8. [9] [10] [11] Although the resulting bacmids can express exogenous proteins efficiently in insect cells, they cannot be modified further for biocontrol because they lack polyhedra in their life cycle. Most genetically engineered baculoviruses for insecticides, such as vEGTDEL and vJHEEGTD, 32) and HaCXW1 and HaCXW2, 33) are constructed by traditional allelic exchange, and thus it is difficult or troublesome to improve lethal efficacy further through genetic engineering. Here, HaBacYH6 bacmid combined the advantages of BAC with those of insecticide. HaBacYH6 was generated at an alternative locus, the egt locus, and hence HaBacYH6 produced occlusion bodies for assays in larvae and had a distinguishing marker, the polyhedron, for studies in tissue culture cells. In addition, BAC can be used to insert other juvenile hormone genes or insect-selective toxin genes, such as AaIT and LqhIT2, into HaBacYH6 to improve its efficacy through donor plasmid pHaFastBac1 or other modified donor plasmids. Manipulation of the plasmids in E. coli is much easier than in the cell line. Due to the ease of construction of recombinants in E. coli and abundant expression of interest in insect toxins and hormones, HaBacYH6, with its quicker killing action, offers an ideal technology platform to express exogenous proteins in insect cells and to generate more effective pesticides. 
